The !arge volume collapse (-15%) across this boundary is generally agreed to be connected with the 4f electrons of Ce; however, the nature of this connection is a strongly disputed subject. The one point on which there is agreement is that in the ground state the 4f-electronic system of cerium can be described as a Fermi liquid, 2 as clearly evidenced by the enhanced Pauli paramagnetism and linear specific heat coefficient. This situation also holds for many nonmagnetic Ce intermetallics. A high level of universality exists among these compounds: properties such as magnetic susceptibility, effective moment, etc., scale with a characteristic Fermi-liquid temperature (T FL) even with T FL varing over a !arge range ( 1-1000 K) . In addition the 4f-spin degrees of freedom are quenched in the Pauli paramagnetic state. lt is on the question ofthe microscopic character ofthis Fermi liquid that no real agreement exists.
The experiments tobe described address the question of what sort of phase diagram might be observed for Ce if negative pressures were accessible. Alloying experiments show that in Ceo. 9 Tho. 1 , the ß phase is entirely suppressed.
3 Because of its smaller atomic volume, Th acts roughly as a positive pressure on the Ce lattice. Addition of La to Ceo. 9 Tho. 1 depresses the y -a transition 4 as shown in the inset to Fig. 2 . Beyond a critical lanthanum concentration (x = 0.09) in Ceo. 9 _ " La" Tho. 10 , the r -a transition is continuous at ambient pressure. The atomic volume of La is larger than r -Ce, and La acts, in this alloy, in some sense as a negative pressure would, in addition to being a diluent of the Fermi-liquid interactions. The point is that one might expect a second critical point in the negative pressure region, on the basis of these La alloying results. lt is possible to track the r -a transition using electrical resitivity measurements. Figure 2 shows data at P = 0 for samples in both the first-order and continuous regimes. Other studies have shown that the change in electrical resistivity in the critical region is proportional to the volume change.
3
A complicating feature in the analysis of the data is the presence of a small 2-3 K residual hysteresis, even for samples that exhibit continuous transitions. This can be seen in the x = 0.1 data ofFig. 2, and also contributes to the rounding of the warming transition for x = 0. We believe this is due to compositional variations in the alloy. The situation is exacerbated in high pressure measurements by nonhydrostatic stresses induced in the solid pressure medium during the enormous volume change at the transition.
We show our data for Ceo. 80 Laa. 10 Tho. 10 in Fig. 3 . (Experimentaldetails will appear elsewhere.) We can clearly see the hysteresis broaden and then contract as a function of pressure. In addition, the shape of the hysteresis curve changes dramatically. Combining these data with our results for x = 0.11, 0.14, and 0.17, we construct the phase diagrams ofFig. 4. While it is difficult to place the critical points exactly because of problems mentioned above, we believe there is a clear case for the existence of two critical points in the range O.IO<x<.14. We see from the composite phase diagrams in Fig. 4 (c) that as the lanthanum concentration increases, the two critical points move together until for x = 0.17 there is no evidence for a first-order transition at any part studied. Therefore, at some critical concentration the two critical points coalesce to forma "critical inflection" where
and (lc)
Except for the last term in Eq. ( lc), tbis free energy is that of a simple mixture in the approximation that every atom in the alloy possesses the same average volume V. The temperature dependence of F FL is determined by the entropy of the Fermi liquid. This is known to scale with T FL : S FL is a universal function of the scaled temperature t = T IT FL• andS FdT;V) = SpdT/TpL(V)]. 9 The free energy F FL, therefore, has the form
The condensation energy E~ is expected tobe of order k 8 T FL (V), which is known from experiment tobe a strongly nonlinear function ofthe cell volume. 5 l t is this nonlinearity which drives the first-order collapse.
The appropriate equation of state is obtained by mini-
/.__ (lkllfL ' ',_,,,,,..1 --w-- mizing G with respect to volume at constant Tand P. For pure Ce (x = 0) this gives
wheref'FL is the derivative of/F'L with respect to the scale variable t. This equation of state is examined for negative values ofthe bulk modulusB = -V(aP 1av). For this, we need S (T IT Fd and T FL (V). These can be estimated from respectively the effective moment of Ce in compounds9- 1 ' and inelastic neutron scattering for Ce alloys, as discussed further elsewhere. 7 We also make the crude approximation •"' shown qualitatively in the progression of curves 1--+3, the high temperature critical point corresponding to isotherm 3.
For x#O, we have
(4) where p ee (V) is the P-V equation of state for pure Ce (Eq.
(3)]. The effect of alloying is then a constant pressure shift [the last term in Eq. (4)] making part ofthe negative pressure region accessible, and a dilution of the Fermi-liquid terms. There will be a critical concentration such that the T = 0 isotherm will resemble curve 3 in Fig. 5(c) , but which, as T is increased, will develop into curve 4. This gives a lower critcal point at positive pressure. The essential point is that this treatment only depends on experimentally established Fermi-liquid behavior. At the same time, we note that this behavior was originally predicted by the calculations of Allen and Martin 5 based on a Kondo model. There is a further interesting point connected with the 7.3 kbar warming curve in Fig. 3 . We believe another phase started growing in at :::::; 190 K, the most likely candidate being theß-dhcp phase. We saw further much more pronounced evidence for this in other cool downs, including the occurrence of this phase, stable all the way to 4 K in one run. (See Fig. 6 .) In the picture introduced, that alloying with La is in some ways similar to negative pressure, the occurrence of the phase might indeed be expected because of reduction This work at Los Alamos was perfonned under the auspices ofthe U.S. DOE.
